Lipophilic linear semirigid side arms containing two or three successive phenyl rings separated by carboxylate spacers have been connected to the 5 or 6 positions of bent aromatic terdentate 2,6-bis(benzimidazol-2-yl)pyridine binding units to give extended V-shaped (L11) and I-shaped receptors (L12, L12b, and L13). The carboxylate spacers limit the flexibility of the side arms and provide crossed arrangements of the successive aromatic rings in the crystal structure of L12b (C 63 H 61 N 5 O 10 ; triclinic, P1h, Z ) 2) in agreement with semiempirical calculations performed on optimized gas-phase geometries. Moreover, the carboxylate spacers in L11-L13 prevent efficient electronic delocalization between the connected aromatic rings and act as weak π acceptors producing a slight increase of the energy of the 1 ππ* and 3 ππ* levels centered on the terdentate binding unit. Intermolecular π-stacking interactions observed in the crystal of L12b are invoked to rationalize (i) the peculiar excimer emission of L11 in the solid state and (ii) the rich and varied calamitic (I-shaped L12, L12b, and L13) and columnar (V-shaped L11) mesomorphism observed at high temperature. The Col R mesophase detected for L11 demonstrates that V-shaped bent terdentate binding units are compatible with liquid-crystalline behavior. Complexation of L11 with lanthanide(III) produces I-shaped complexes [Ln(L11)(NO 3 ) 3 ] (Ln ) La, Eu, Gd, Tb, and Lu) possessing a large axial anisometry as found in the crystal structure of [Lu(L11)(CF 3 CO 2 ) 3 (H 2 O)] (LuC 81 H 87 N 5 O 17 F 9 ; triclinic, P1h, Z ) 2), which exists in the solid state as H-bonded dimers. No mesomorphism is detected for the complexes as a result of the large perpendicular expansion brought by the metallic coordination site, but the high energy of the ligand-centered 3 ππ* prevents Eu( 5 D 0 ) f L11 back transfer in the Eu(III) complex, which thus exhibits sizable red luminescence at room temperature, a crucial point for the design of luminescent materials.
Introduction
Chelating terdentate binding units are universally used as receptors for complexing d-block or f-block metal ions, and derivatives of the bent semirigid aromatic 2,2′;6′,2′′-terpyridine (L1, Chart 1) have found numerous applications in coordination 1 and metallosupramolecular chemistry. 2,3 However, little interest has been focused on their use to develop metal-containing liquid crystals (metallomesogens) by taking advantage of the fascinating optical and magnetic properties of the metal ions to generate materials with enhanced physicochemical properties. 4 The major drawback concerns the aromatic bent core of the terpyridine unit, which does not match the molecular geometrical criteria required for calamitic (rodlike) or discotic (disklike) mesomorphism. 5 The first strategy developed to overcome this limitation uses the connection of semirigid lipophilic residues at the 4 position of the central pyridine ring in 6′-phenyl-2,2′-bipyridine (L2) 6 and pyridine-2,6-dithiocarboxylic acid (L3). 7 The resulting large perpendicular molecular anisometries are compatible with calamitic (nematic and smectic) 6 and columnar 7 mesomorphisms, which are observed for L2 and for the Pd(II) tabular complexes of L2 and L3. The alternative strategy connects semirigid lipophilic side arms at the 5 position of bent 2,6-bis(1-ethylbenzimidazol-2-yl)pyridine cores to give the extended receptors L4-L6 (length/width ratio ≈ 10), which exhibit smectic and nematic mesomorphisms. 8 The connection of related side arms at the 6 position in L7 provides a global V-shaped arrangement of the receptor associated with a limited anisometry (length/ width ratio ≈ 1.2) and no mesomorphism. 9 Obvious geometrical criteria based on minimal axial anisotropies 5,10 have been invoked for rationalizing this drastic change, 9 but a deep understanding of the relationships between molecular anisometry of bent-core receptors and the mesomorphism of the associated materials is crucial for the design of lanthanide-containing metallomesogens because the complexation processes interconvert I-and V-shaped arrangements of the ligands ( Figure 1 ). 
Chart 1
For uncoordinated ligands, the trans-trans conformation of the terdentate bis(benzimidazolyl)pyridine binding unit (i.e., the unsubstituted nitrogen atoms of the benzimidazole rings and that of the pyridine ring lie in trans arrangements) provides I-shaped ( Figure 1a ) and V-shaped ( Figure 1b ) receptors depending respectively on the extension along the 5 or 6 positions of the benzimidazole rings. 9 The trans-trans f cis-cis conformational change occurring upon complexation to the lanthanide metal ions [Ln(III)] transforms I-shaped arrangements into V-shaped arrangements and vice versa ( Figure 1 ). Receptors L5 (I-shaped) 8 and L7 (Vshaped) 9 have been previously developed for a preliminar exploration of the influence of this conformational change on the liquid-crystalline and photophysical properties of the ligands and their lanthanide complexes, but the lack of mesomorphism observed for L7 and for the complexes [Ln(Li)(NO 3 ) 3 ] (i ) 5 and 7) led to the conclusions that (i) V-shaped arrangements of these receptors were not compatible with the formation of mesophases and (ii) lanthanide complexation drastically compromised liquid-crystalline behaviors in the resulting materials. However, Niori and co-workers reported in 1996 on smectic phases formed by bananashaped Schiff-base derivatives, 11 and the occurrence of spontaneous symmetry breaking compatible with ferroelectric properties in these materials attracted great interest. 12, 13 The recent design by Tschierske and coworkers 14 of banana-shaped molecules L8 and L9 producing antiferroelectric smectic C phases and the observation that the extended bent-core analogue L10 gives a rectangular columnar Col R phase at 165°C 14 led us to reconsider the geometrical criteria limiting the formation of mesophases for the bent-core ligands L4-L7. In this paper, we demonstrate that the combination of semirigid polar carboxylate spacers with a minimum of two extra appended phenyl groups connected to the bent terdentate bis(benzimidazolyl)pyridine core induces calamitic mesomorphism for the extended Ishaped receptors Li (i ) 5, 12, 12b, and 13, 5 substitution) and columnar mesomorphism for the related but V-shaped receptor L11 (6 substitution, Chart 2). Particular attention has been focused on the structural and geometrical characteristics required for the formation of the mesophases together with their consequences on the electronic and photophysical properties of these materials. Theoretical calculations performed on optimized gas-phase geometries compared with solutionand solid-state structures give an insight into the intraand intermolecular interactions responsible for the observed behavior. Complexation of L11 with LnX 3 (X ) NO 3 -and CF 3 CO 2 -) to give [Ln(L11)(NO 3 ) 3 ] and [Ln-(L11)(CF 3 CO 2 ) 3 (H 2 O)] has been attempted to explore the potentiality of these extended receptors for producing new luminescent materials.
Results and Discussion
Synthesis of Ligands L11-L13. According to the convergent strategies developed for the syntheses of L4-L7, polyaromatic side arms bearing carboxylate spacers (Scheme 1) have been connected to the synthons 7 and 8 (Scheme 2). 8,9,15 1 H NMR spectra in CDCl 3 display C 2v -symmetrical molecules compatible with an average planar structure on the NMR time scale. The systematic lack of nuclear Overhauser effects (NOEs) between the protons of the ethyl groups bound to the benzimidazole rings and the protons bound at the meta positions of the central pyridine ring is characteristic of the trans-trans conformation adopted by the central terdentate binding unit (i.e., the unsubstituted nitrogen atom of the benzimidazole and the nitrogen atom of the pyridine lie in a trans arrangement; Scheme 2). 8, 9 We can thus propose that L11 exhibits a V-shaped arrangement with limited axial anisometry close to that reported for L7 and L9, while L12 and L13 display I-shaped arrangements. 8 Attempts to obtain crystals suitable for X-ray diffraction (XRD) studies failed for L11-L13, but the shorter analogue L12b gave appropriate single crystals.
Crystal Structures of L12b. Figure 2 shows L12b perpendicular to the approximate planar central terdentate core together with the atom numbering scheme. All C-C, C-N, and C-O bond distances and bond angles are standard (Table S1 , Supporting Information), 16 
Chart 2
atomic sites for each carbon atom (see the Experimental Section). As previously reported for L5 and related ligands in the solid state 8 and in agreement with solution measurements, the terdentate 2,6-bis(benzimidazol-2-yl)pyridine core adopts a trans-trans conformation associated with a minor helical twist of the three aromatic rings (interplanar pyridine-benzimidazole angles, 5.3°and 13.6°; Table S2 , Supporting Information) which can be compared with 12.3°and 35.6°found for L5. 8 The bending of the terdentate core measured by the angle R(C9-N1-C36) 9 amounts to 161.4°(R ) 160°for L5) 8 which is compatible with an almost collinear arrangement of the semirigid side arms leading to a rodlike (I-shaped) ligand. Each semirigid side arm is made up of two successive twisted phenyl rings (interplanar angles 70.9°and 78.0°) separated by a carboxylate spacer. The oxygen atom of the carbonyl group almost lies in the plane of the aromatic ring to which it is connected (deviation 0.08-0.34 Å; average 0.19 Å), and the major torsion responsible for the crossed arrangement of two successive phenyl rings results from rotation about the C aromatic -O bonds. Related structural patterns characterize the carboxylate spacer linking the semirigid side arms to the 5 position of the benzimidazole ring of the terdentate unit (interplanar benzimidazole-phenyl angles 61.3°and 87.4°), leading to a crossed-hatched sequence of aromatic rings when moving from the benzimidazole toward the lipophilic hexyl chain (Figure 3 ). The length of the semirigid core between the terminal oxygen atoms (O5‚‚‚O10) increases from 28.6 Å in L5 (two phenyl rings) 8 to 41 .2 Å in L12b (four phenyl rings; i.e., 44% of relative axial extension), while the total length of the rodlike ligand amounts to C32‚‚‚C59 ) 54.4 Å. Each approximately coplanar terdentate bis(benzimidazolyl)pyridine core is "sandwiched" between two adjacent units related to the original molecule by inversion centers, thus leading to strong head-to-tail stacking interactions between the benzimidazole rings along the [012] direction (Figure 3) . The benzimidazole ring N2-N3 of L12b stacks [average distance 3.535(6) Å; zone 1 in Figure 3 ] with the related benzimidazole of the 1 -x, 1 -y, 1 -z ligand, while the benzimidazole N4-N5 interacts [average stacking distance 3.358(9) Å; zone 2 in Figure 3] with that of the -x, -y, 1 -z neighboring ligand. We suspect that the especially small helical twist observed for the terdentate core in L12b compared to that in L5 and in related systems 8 originates from these specific intermolecular packing interactions which force a quasi-coplanar arrangement of the pyridine and benzimidazole rings.
Mesogenic Properties of Ligands L11-L13. The mesomorphic properties of the ligands have been investigated by a combination of differential scanning calorimetry (DSC) and polarized optical microscopy (L11-L13), together with XRD for L11. The rodlike ligands L12 and L13 display calamitic mesomorphism (Table  1) occurring at higher temperature than that previously reported for the analogue L6 (Cr-S C , 131°C; S C -S A , 217°C; S A -N, 223°C; N-I, 226°C), 8 in line with their more elongated anisotropic structures and the associated increased intermolecular interactions. Thermogravimetric analyses indicate no significant weight loss prior to decomposition, which occurs around 320-340°C for both ligands. The DSC traces show endotherms at 206°C (L12) and 220°C (L13) producing a viscous mesophase whose schlieren texture observed for L13 is compatible with a smectic C mesophase as found for L6 at lower temperature. For L12 the birefringent texture of the mesophase cannot be reliably assigned to smectic C (Table 1) . A second endotherm at 280°C (L12) and >280°C (L13 masked by partial decomposition) leads to a nematic phase (marbled texture). Isotropization occurs around 320-340°C, but a precise temperature is difficult to assign because of concomitant decomposition of the samples. Compared to L6, the main difference concerns the absence of the smectic A phase, but the highly viscous texture of the mesophase below 280°C may hinder the observation of a S A phase occurring in a short temperature range. For L12b possessing shorter hexyl chains, we observe a mesomorphism similar to that described for L12 but within a reduced temperature range (Table 1) .
The unprecedented mesogenic behavior of the Vshaped ligand L11 is more intriguing because the lighter analogue L7 displays no mesomorphism and melts to the isotropic liquid at 154°C. 9 The DSC trace of L11 displays two successive endotherms with comparable enthalpies at 195 and 203°C (heating mode; Figure 4 ) and 203 and 183°C (cooling mode). The mesophase can be detected by the formation of crumpled fans together with an intercalar fine mosaic texture ( Figure S3 , Supporting Information). XRD scattering diagrams collected in the 200-188°C range confirm the formation of an organized mesophase ( Figure 5 and Table 2 ). A wide-angle diffuse scattering centered at ca. 4.6 Å, characteristic of the aliphatic chains in their molten state and corresponding to a short-range order of the molecules, is observed together with a series of sharp, nonequidistant Bragg reflections in the smallangle region ( Figure 5 ). These reflections can be indexed with the Miller index pairs hk ) (11)/(11 h), (20), (21), and (22) and correspond to a two-dimensional rectangular lattice characteristic of a rectangular columnar mesophase Col R . Because the (21) reflection, although weak, is observed, there are no reflection conditions on the hk Miller indices (Table 2) .
The a parameter (59.8 Å) of the rectangular cell is in good agreement with the length of the molecule (L ) 61.7 Å) estimated for a central bent angle of 120°( Figure   6a : the total length of the rigid core (41.2 Å) is taken from the crystal structure of L12b and the length of the extended all-trans-dodecyl chain (≈15 Å) from the crystal structure of L5). 8 A ribbon of parallel and aligned bent-core molecules is likely for this columnar mesophase where a is the thickness of the ribbon and b ) 74.5 Å is the periodicity in the perpendicular direction. These ribbons arrange in a two-dimensional lattice close to that proposed by Diele and collaborators for related compounds L8-L10 in their Col R mesophase ( Figure  6b ). 14 The molecular volume of L11 can be calculated according to V m ) (M w × 10 24 )/dN A ) 2025 Å 3 (M w is the molecular weight of L11 (1217 g/mol), d is the density of the mesophase estimated to 1.0 g/cm 3 for a purely organic molecule (d ) 1.294 g/cm 3 for the more compact ligand L12b and 1.19 g/cm 3 for L5 in the crystalline phase at 200 K), 8 and N A is Avogadro's number), and it can be compared to the volume of the unit cell V cell ) abh ) 20 500 Å 3 , where h is the periodicity along the columnar axis corresponding to the average intermolecular distance between the molecules (h ) 4.6 Å). We deduce that the average number of molecules per unit cell is N cell ) V cell /V m ) 10. To escape macroscopic polar order, clusters of N cell /2 ) 5 molecules of neighboring ribbons adopt an antiparallel arrangement (Figure 6b ). 14 The P2mg (No. 7) plane group is fully compatible with this antiferroelectric motif, with each cluster being located on a mirror plane (special position 2c) that does not provide extra conditions for the reflection in agreement with the observation of the (21) reflection in the XRD profile. Because half of the rigid core (20.6 Å) in L11 is longer than one extended dodecyloxy chain (15 Å), we expect significant overlap between the terminal aromatic rings of antiparallel molecules at the ribbon interface which are thought to stabilize the Col R phase (Figure 6b) . 13, 14 Photophysical Properties of Ligands L11-L13. The introduction of sequences of phenyl rings separated by carboxylate spacers not only provides new intermolecular interactions stabilizing specific arrangements of the molecules in the solid state and in the mesophases but also affects the photophysical properties of the resulting ligands, a crucial point if these receptors have to be used as UV-light harvesters in luminescent lanthanide-containing materials. Previous detailed photophysical investigations of L4, L5, and L7 combined with semiempirical ZINDO calculations 17 applied on PM3-optimized 18 gas-phase geometries have established that (i) the ligands L4, L5, and L7 adopt trans-trans conformations of the bis(benzimidazolyl)pyridine units associated with absorption and emission spectra dominated by π f π* transitions (15 000-40 000 cm -1 ) centered on the terdentate bent core and (ii) the connection of π-donor atoms to the 5 (L5) or 6 (L7) position of the benzimidazole ring raises the HOMO (and SHOMO) without significantly perturbing LUMO (and SLUMO), thus producing a red shift of the π f π* transitions in the order L4 < L7 < L5. 8, 9 Except for a better resolution in solution, the absorption spectra of L11-L13 are similar in solution (Table 3 ) and in the solid state (Table 4) , pointing to trans-trans conformations of the terdentate binding units in both states. L11-L13 exhibit broad and intense absorption bands which can be separated into two categories: one envelope at low energy centered around 30 800 cm -1 (with a low-energy shoulder for L12 and L13 around 26 000 cm -1 ) as similarly observed for L4 (31 050 cm -1 ) 8 and L6 (30 770 cm -1 ) 8 and a second envelope at higher energy which has no counterpart in L4-L7 (Figure 7  and Tables 3 and 4) .
The C 2 -constrained gas-phase geometries of the rigid cores of L11 and L12 (the dodecyl chains are replaced by methyl termini in order to limit excessive computing) 9 optimized with the semiempirical AM1 method 19 also predict trans-trans arrangements of the terdentate binding units which result from (i) the minimization of steric constraints between the ethyl substituents borne by the benzimidazole rings, (ii) the repulsion between the dipolar moments of the nitrogen lone pairs, 20 and (iii) the maximization of π overlap. 6 The predicted interplanar pyridine-benzimidazole angles (44.1°for L11 and 42.3°for L12) are larger than those found in the solid state, thus highlighting the effect of intermolecular packing forces in the crystal structure of L12b (Figure 3 ). This remark also holds for the crosshatched arrangements of the successive phenyl rings of the side arms (interplanar angles 61.3-87.4°in the crystal structure of L12b) which are only qualitatively reproduced by the modeling in the gas phase (benzimidazolephenyl, 54.4-55.6°; phenyl-phenyl, 45.2-45.3°). ZIN-DO calculations 17 (Tables S3-S6 , Supporting Information) as previously reported for L4, L5, and L7. 9 The low-energy envelope observed in the absorption spectra of L11-L13 can thus be assigned to these π f π* transitions. The connection of the poor electroattracting carboxylate spacer at the 6 (L11) or 5 position (L12) produces comparable HOMO-LUMO (and SHOMO-SLUMO) gaps, leading to π f π* transitions at similar energies for both ligands ( Figure S1 , Supporting Information), in good agreement with experimental data (Figure 7a ). The intense envelope at higher energy can be ascribed to π f π* transitions centered on the aromatic phenyl groups connected by carboxylate spacers in the side arms according to ZINDO calculations [maximum of the band envelopes expected at 41 700 cm -1 (L11) and 40 080 cm -1 (L12)]. This tentative assignment is strongly supported by (i) the experimental absorption spectra of L6, which only matches the low-energy part of the spectra observed for L12, and (ii) the single maximum observed at 37 880 cm -1 for the precursor of the side chain 4 (Figure 7a ). We thus conclude that the almost perpendicular arrangement of the phenyl rings connected to the benzimidazole prevents efficient electronic communication between side arms and the central core despite the replacement of ether spacers of L4, L5, and L7 by carboxylate spacers in L11 and L12.
The emission spectra of L11-L13 (10 -5 M in CH 3 -CN/CH 2 Cl 2 , 7:3) display weak Stokes-shifted and poorly structured bands arising from 1 ππ* excited states at 22 730 cm -1 (L11) and 23 700 cm -1 (L12 and L13), which can be compared to 23 640 cm -1 for L6 under the same conditions (Figure 7b ), 8 but emission from the triplet states escapes detection in solution. The emission spectra of L12 and L13 in the solid state (77 K) qualitatively match those found in solution (0-0 phonon transitions given in 
packed fluorescent columnar liquid crystals possessing substituted perylene units. 22 The excitation spectra of L11-L13 obtained by monitoring the 1 ππ* emission match the low-energy part of the absorption spectra assigned to excited states centered on the terdentate binding unit, which implies a very limited funneling of the energy collected by the side arms toward the central terdentate core. Time-resolved emission spectra (delay time 0.1-0.8 ms) reveal complicated and faint, but structured, emission originating from the 3 ππ* states. Compared to related emission in L6 (0-0 phonon, 19 380 cm -1 ; monoexponential decay τ ) 614 ms at 10 K), 8 the phosphorescence spectra of L11-L13 at 20 K cover a significantly broader domain (25 000-15 400 cm -1 ) with 0-0 phonon transitions at significantly higher energies (Table 4) . Biexponential decay is systematically observed, with a long-lived component (250-600 ms at 20 K; Table 4 ) comparable to that observed for L6 and a short component (5-26 ms) that has no counterpart in L6. Interestingly, the high-energy 0-0 phonon transitions of L11-L13 match that observed for the extremely faint 3 ππ* emission from the side arm 4 (24 510 cm -1 ). These results suggest that the delayed emission spectra of L11-L13 originate from two different triplet states, one associated with the terdentate binding unit, centered around 20 000 cm -1 , with a long lifetime and the second one associated with the appended polyaromatic side arms occurring at higher energy and with a shorter lifetime. Because of the extremely weak intensity of the time-resolved spectra, the associated excitation spectra were not accessible with our experimental setup. We conclude that the photophysical properties of the side arms parallel those Table 3 ).
of the terdentate binding units in L11-L13 because of the significant extension of the aromatic side arms, which contrasts with L4-L7, for which only excited states centered on the terdentate binding units are accessible for energies below 40 000 cm -1 .
Synthesis, Characterization, and Thermal Behavior of the Complexes [Ln(L11)(NO 3 ) 3 ]‚xH 2 O (Ln ) La, x ) 0, 9; Ln ) Eu, x ) 2, 10; Ln ) Gd, x ) 1, 11; Ln ) Tb, x ) 2, 12; Ln ) Lu, x ) 1, 13) and [Lu-(L11)(CF 3 CO 2 ) 3 (Figure 1 and Chart 2). 9 The mixing of stoichiometric quantities of L11 and Ln(NO 3 ) 3 ‚xH 2 O (x ) 2-6) or Lu(CF 3 CO 2 ) 3 ‚H 2 O in acetonitrile/dichloromethane followed by crystallization in hot propionitrile or butyronitrile gives the complexes [Ln(L11)-(NO 3 ) 3 ]‚xH 2 O (Ln ) La, x ) 0, 9; Ln ) Eu, x ) 2, 10; Ln ) Gd, x ) 1, 11; Ln ) Tb, x ) 2, 12; Ln ) Lu, x ) 1, 13) and [Lu(L11)(CF 3 CO 2 ) 3 ‚H 2 O] (14) in good yields (74-85%). The IR spectra of complexes 9-13 are dominated by the vibrations of the ligand backbone, together with bands characteristic of coordinated bidentate nitrates, as was previously discussed for [Ln(L7)(NO 3 ) 3 ]. 9 The stretching vibrations of the carbonyl groups in 9-13 display two bands at 1730 and 1685 cm -1 , which have no counterpart in [Ln(L7)(NO 3 ) 3 ] possessing ether spacers. A related IR spectrum is observed for 14, but the nitrates and their typical vibrations are replaced by vibrations associated with the trifluoroacetates. 9 The asymmetric stretching vibrations of CF 3 CO 2 -(1740-1620 cm -1 ) overlap with the ν(CdO) vibrations of the carboxylate spacers except for an extra band at 1635 cm -1 assigned to one component of ν as (CO 2 -) typical of bound trifluoroacetate anions in [Lu(L11)(CF 3 CO 2 ) 3 ‚ H 2 O] (14). 23 The thermal behavior of the nitrato complexes 9-12 shows a reversible transition at low temperature (45-59°C; Table 1 ) assigned to a crystalcrystal phase transition (polarizing microscopy). Further heating leads to isotropization in the range 256-258°C, closely followed by the exothermic decomposition of the melted oxidizing nitrate salts, as was similarly observed for [Ln(L7)(NO 3 ) 3 ] in the range 184-198°C. 9 We thus obtain a similar thermal behavior for lanthanide nitrato complexes with L7 and L11, except for a shift of ca. 60°C of the isotropization process toward higher temperatures for the heavier complexes 9-12. The Lu complex 13 displays a similar behavior (isotropization followed by decomposition at 258°C), but no Cr I -Cr II phase transition is observed at lower temperature. Figure 9 shows a stereoscopic view of the H-shaped hydrogenbonded dimer, and Figure 10 focuses on the hydrogenbonding network. Selected bond distances and bond lengths are collected in Table 5 .
The terdentate core in [Lu(L11)(CF 3 CO 2 ) 3 ‚H 2 O] adopts the expected quasi-planar cis-cis conformation (interplanar pyridine-benzimidazole angles 11.6°and 28.9°; Table S7 , Supporting Information) resulting from its meridional tricoordination to Lu(III). 8, 9 The associated interconversion of the 5 and 6 positions of the benzimidazole rings occurring upon complexation 9 thus transforms the V-shaped ligand L11 into an I-shaped extended receptor in 14 with a geometrical anisometry comparable to that found in L12b except for a minor scissoring effect which reduces the angle R(C10-N1-C45) from 161.4°in L12b to 137.5°in [Lu(L11)(CF 3 -CO 2 ) 3 ‚H 2 O], as was similarly described for [Lu(L7)-(NO 3 ) 3 ] (R ) 134.4°) and [Lu(L7)(CF 3 CO 2 ) 3 ] 2 (R ) 138.4°). 9 The almost parallel arrangement of the alltrans-alkyl chains in 14 (deviation 4.5°) running in opposite directions demonstrates that the decrease of ca. 25°in the bending angle R when going from the free ligand L12b to the complexed receptor L11 in 14 can be compensated for by the flexibility of the semirigid side arms. Rotations about the C aromatic -O bonds of the carboxylate spacers produce a crosshatched arrangement of the successive benzimidazole and phenyl rings with interplanar angles (41.8-64.4°; Table S7 , Supporting Information) comparable to those found for L12b 27 The thickness of the ellipsoidal core produced by the coordination spheres of the metals in the H-shaped dimer [Lu(L11)(CF 3 CO 2 ) 3 ‚H 2 O] 2 along the two directions perpendicular to the long molecular axis of the receptors amounts to 12.90 Å (C2a‚‚‚C2a′) and 15.35 Å (C3‚‚‚C3′), leading to length-to-width ratios of 5.5 and 4.6, somewhat larger than the value 3.9 found for [Lu-(L7)(CF 3 CO 2 ) 3 ] 2 . 9 Finally, the H-shaped dimers of 14 adopt a parallel arrangement in the crystal, with their long molecular axis running along the [113 h] direction and forming layers approximately perpendicular to the c direction. Within a layer, two neighboring dimers are systematically offset by ca. 8 Å, and packing of these layers provides closest interdimer Lu‚‚‚Lu distances of 10.498 Å, but we do not detect significant π-stacking interactions in the unit cell ( Figure S2 , Supporting Information).
Photophysical Properties of Complexes [Ln-(L11)(NO 3 ) 3 ]‚xH 2 O (Ln ) La, x ) 0, 9; Ln ) Eu, x ) 2, 10; Ln ) Gd, x ) 1, 11; Ln ) Tb, x ) 2, 12; Ln ) Lu, x ) 1, 13). The poor solubility of complexes 9-13 in organic solvents limits the photophysical study to microcrystalline samples in the solid state. Upon complexation of L11 to Ln(III) in 9-13, the low-energy π f π* transitions centered on the terdentate core are split and red-shifted by 3740 cm -1 (Table 4) , as was previously reported for [Ln(L7)(NO 3 ) 3 ] (2500 cm -1 ) 9 and assigned by EHMO calculations to the trans-trans f cis-cis conformational change associated with meridional coordination of the ligand. 28 The high-energy π f π* transitions centered on the semirigid aromatic side arms (37 735 cm -1 ) are not affected by complexation because the carboxylate spacers do not interact with the metal, as was demonstrated in the crystal structure of 14. The 1 ππ* emission of the coordinated ligand in the La, Gd, and Lu complexes appears as weak, broad, and poorly structured bands in the spectra at 77 K, with 0-0 phonon transitions around 25 000 cm -1 (Table 4) (14) with an atomic numbering scheme. Ellipsoids are represented at 40% probability level.
analogous complexes with L7 (21 230-22 400 cm -1 ). 9 The ligand-centered 3 ππ* emission (delay time 0.1-1 ms) is faint for the three complexes 9, 11, and 13, and it also displays broad and poorly structured bands in the range 16 000-25 000 cm -1 (Table 4) . The emission decay at 20 K is biexponential (ν an ) 19 230 cm -1 ), exhibiting long and short components (Table 4) , a behavior closely related to that of the 3 ππ* emission of the free ligand under the same conditions and assigned to different triplet excited states centered on the terdentate core and on the appended aromatic side arms, respectively. The observation of monoexponential decays for 3 ππ* emissions in [Ln(L7)(NO 3 ) 3 ] (τ ) 111 (La), 1.33 (Gd), and 57.1 (Lu) ms) 9 strongly supports this interpretation. The reduced lifetimes associated with paramagnetic Gd(III) have been previously documented. 29 In [Eu(L11)(NO 3 ) 3 ]‚2H 2 O (10), efficient L11 f Eu(III) energy-transfer processes quench the ligand-centered emission and produce a bright red luminescence (20-295 K) originating from Eu-centered 5 D 0 f 7 F j (j ) 1-4) transitions ( Figure S4, Supporting Information) . The high-resolution 5 D 0 r 7 F 0 excitation profile at 20 K displays a major sharp component at 17 227 cm -1 (full width at half-height fwhh ) 2.1 cm -1 ) together with two shoulders at higher (17 230 cm -1 ) and lower energy (17 224 cm -1 ), respectively, suggesting the existence of three slightly different crystalline sites ( Figure S5 , Supporting Information). However, the emission spectra obtained under selective excitation are very similar, pointing to only minor differences between the metallic environments in agreement with polydispersion within a microcrystalline sample. 24, 29 The 5 D 0 r 7 F 0 excitation profile is broader at 295 K (fwhh ) 7 cm -1 ), leading to a single transition at 17 239 cm -1 , the energy of which somewhat deviates from the one predicted by the empirical equation proposed by Frey and Horrocks 30 for Eu(III) nine-coordinated by three heterocyclic nitrogen atoms (17 248 cm -1 at 295 K). 9 The nephelauxetic effect is, however, very sensitive to bond lengths, and the observed deviation may arise from this factor. Excitation spectra in the UV domain obtained upon monitoring 5 D 0 f 7 F 2 show a maximum around 26 300 cm -1 , which matches the low-energy envelope of the absorption spectrum corresponding to excited states centered on the terdentate unit. Excitation to higher energy states centered on the semirigid side arms resulted in no detectable Eu-centered emission consistent with the conclusion that the coordinated terdentate binding units are the major antennae for sensitizing the luminescence of Eu(III) in 10. The Eu( 5 D 0 ) lifetime amounts to ca. 1.1 ms and is temperature independent in the range 20-295 K (Table S8 , Supporting Information), which indicates that the 3 ππ*-5 D 0 energy gap (3100 cm -1 , as estimated from the 0-0 phonon transition of the 3 ππ* emission of 11) is sufficient to prevent back transfer at room temperature. This strongly contrasts with the faint Eu-centered emission detected for [Eu(L7)(NO 3 ) 3 ] (E-( 3 ππ*) -E( 5 D 0 ) ) 1980 cm -1 ), 9 and we conclude that the replacement of π donors O(ether) in L7 by weak π acceptors O(carboxylate) in L11 bound to the 6 position of the benzimidazole ring increases the energy of the 3 ππ* level to such an extent that efficient sensitization of Eu(III) occurs at room temperature, a crucial point for the design of luminescent lanthanide-containing materials with practical applications. 31 The Eu( 5 D 0 ) lifetime is similar to that obtained for hydrated [Eu-(L7)(NO 3 ) 3 ] (τ ) 1.14 ms at 10 K), 9 in which only interstitial water molecules reduce the emission lifetime via second sphere interactions. 32 The coordination of one water molecule to Eu(III) is expected to reduce the lifetime to ca. 0.60 ms, as reported for the analogous 10-coordinated complex [Eu(L4)(NO 3 ) 3 ‚H 2 O], 8 and we conclude that the water molecules in 10 do not interact with Eu(III) in the first coordination sphere. The detailed analysis of the emission spectra of 10 obtained under selective irradiation of 5 D 0 r 7 F 0 or via the ligandcentered 1 ππ* level evidences maximum multiplicity (2J + 1) for the 7 F j (j ) 1-4) levels in agreement with a low symmetry of the Eu(III) site. The considerable intensities of the hypersensitive 5 D 0 f 7 F 2 transition [I( 5 D 0 f 7 F 2 )/I( 5 D 0 f 7 F 1 ) ) 7.33; Table 6 ] together with the splitting pattern of the 7 F 1 and 7 F 2 levels are close to those observed for [Eu(L7)(NO 3 ) 3 ] for which the crystal structure indicates a C 1 -symmetrical ninecoordinated environment, 9 and we can safely assign a similar coordination sphere for Eu(III) in 10.
Although ( 50 cm -1 , for which the terdentate-centered 3 ππ* level lies at 21 800 cm -1 . 9 Upon irradiation via the ligandcentered 1 ππ* excited state (λ exc ) 32 468 cm -1 ), a broad faint emission covering the 25 000-15 400 cm -1 domain reminiscent of the emission of the 3 ππ* level observed for the Gd complex 11 superimposes with the terbiumcentered emission. Its associated lifetime [0.28(1) ms at 20 K] is comparable to that found for the decay of the 3 ππ* level in 11 (0.75 ms), which strongly supports the proposed back transfer process as the main quenching mechanism of the Tb-centered emission in 12.
Conclusions
The rational variation of the global anisometry of the receptors L11-L13 associated with (i) the specific connection of semirigid lipophilic side arms at the 5 or 6 position of the benzimidazole rings and (ii) the transtrans f cis-cis conformational change of the terdentate unit occurring upon complexation demonstrates that extended semirigid side arms connected by poorly flexible carboxylate spacers are compatible with addressable mesomorphism as previously established for less rigid and shorter analogues L4, L5, and L7 pos- a Energy of the 5 D0 r 7 F0 transition (given in cm -1 ) used as λexc for the laser-excited emission spectra.
sessing ether spacers. 8, 9 Moreover, the introduction of carboxylate spacers between the aromatic rings induces stereoelectronic constraints which provide crossed arrangements of successive aromatic groups (interplanar angles 45-85°), thus leading to nonplanar arrangement of the extended aromatic cores in L11-L13. However, the crystal structures of L12b and [Lu(L11)(CF 3 CO 2 ) 3 ‚ H 2 O] suggest that these considerable intramolecular distortions do not prevent efficient intermolecular π-stacking interactions which are invoked for rationalizing (i) the parallel arrangement of terdentate receptors in the crystal of L12b, (ii) the excimer emission of L11 in the solid state, and (iii) the stabilization of the Col R mesophase. According to an electronic point of view, the weakly π-accepting carboxylate spacers connecting the benzimidazole and the phenyl rings act as insulators, providing specific photophysical properties associated with either the terdentate binding unit or the polyaromatic side arms. The higher energies of the ligandcentered 1 ππ* and 3 ππ* levels in L11 and L12 compared to those in L5 and L7 are the logical consequences of the electrowithdrawing character of the spacers, a crucial point for inducing room-temperature Eu-centered red emission in the complex [Eu(L11)(NO 3 ) 3 ]‚ 2H 2 O (10), which contrasts with the nonluminescent analogue [Eu(L7)(NO 3 ) 3 ]. 9 Finally, the systematic extension of the semirigid aromatic side arms when going from L4-L7 (one phenyl ring) to L11 and L12 (two phenyl rings) and L13 (three phenyl rings) increases the melting and clearing temperatures of the ligands and of their complexes in line with the existence of stronger intermolecular interactions in the solid state and in the mesophases resulting from the increasing axial anisometries of the receptors (L4-L7 < L11, L12 < L13). The latter ratio is also crucial for controlling columnar vs smectogenic behavior, 34 and the Col R mesophase detected for L11 strongly supports the concept of Diele and co-workers, 13,14 who propose that minimal overlap between the terminal rigid cores in bent molecules is required to induce columnar mesomorphism for V-shaped molecules. This approach offers a fascinating opportunity for introducing bent terdentate binding units into mesophases because liquidcrystalline behavior is thus not restricted to rodlike receptors. However, the lack of mesomorphism of the lanthanide complexes highlights the importance of the spatial expansion brought by the metallic cores in metallomesogens.
Experimental Section
Solvents and starting materials were purchased from Fluka AG (Buchs, Switzerland) and used without further purification, unless otherwise stated. Acetonitrile, dichloromethane, N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and triethylamine were distilled from CaH2, tetrahydrofuran (THF) was distilled from sodium, and thionyl chloride was distilled from elemental sulfur. 2,6-Bis(1-ethyl-6-hydroxybenzimidazol-2-yl)pyridine (7) 9 and 2,6-bis(1-ethyl-5-hydroxybenzimidazol-2-yl)pyridine (8) 8 were obtained according to literature procedures. The nitrate Ln(NO3)3‚nH2O (Ln ) La to Lu) and trifluoroacetate Lu(CF3CO2)3‚H2O salts were prepared from the corresponding oxides (Rhodia; 99.99%) according to literature procedures. 35 The Ln content of solutions and solid salts was determined by complexometric titrations with Titriplex III (Merck) in the presence of urotropine and xylene orange. 36 Silica gel (Merck 60; 0.040-0.060 mm) was used for preparative column chromatography.
Preparation of Benzyl 4-[[4-(Dodecyloxy)benzoyl]oxy]-benzoate (3)
. 4-(Dodecyloxy)benzoic acid (1; 3.06 g, 10 mmol), benzyl 4-hydroxybenzoate (2; 2.28 g, 10 mmol), N,N′-dicyclohexylcarbodiimide (DCC; 2.06 g, 10 mmol), and 4-(dimethylamino)pyridine (DMAP; 1.22 g, 10 mmol) were refluxed in dichloromethane (250 mL) for 48 h under an inert atmosphere. The resulting mixture was filtered, and the solvent was evaporated to dryness. The crude residue was purified by column chromatography (silica gel; CH2Cl2) and then crystallized from hot ethanol to give 4.88 g (9.4 mmol, yield 94%) of 3 as white microcrystals. mp: 62°C.
